Development of tissue-engineered hearts for treatment of myocardial infarction or biologic pacemakers has been hindered by the production of mostly arrhythmic or in-synergistic constructs. Electrical stimulation (ES) of these constructs has been shown to produce tissues with greater twitch force and better adrenergic response. To further our understanding of the mechanisms underlying the effect of ES, we fabricated a bioreactor capable of delivering continuous or intermittent waveforms of various types to multiple constructs simultaneously. In this study, we examined the effect of an intermittent biphasic square wave on our artificial heart muscle (AHM) composed of neonatal rat cardiac cells and fibrin gel. Twitch forces, spontaneous contraction rates, biopotentials, gene expression profiles, and histologic observations were examined for the ES protocol over a 12 day culture period. We demonstrate improved consistency between samples for twitch force and contraction rate, and higher normalized twitch force amplitudes for electrically stimulated AHMs. Improvements in electrophysiology within the AHM were noted by higher conduction velocities and lower latency in electrical response for electrically stimulated AHMs. Genes expressing key electrophysiologic and structural markers peaked at days 6 and 8 of culture, only a few days after the initiation of ES. These results may be used for optimization strategies to establish protocols for producing AHMs capable of replacing damaged heart tissue in either a contractile or electrophysiologic capacity. Optimized AHMs can lead to alternative treatments to heart failure and alleviate the limited donor supply crisis.
Heart failure related to disorders in cardiac rhythm resulted in the implantation of nearly 3 million permanent pacemakers between 1993 and 2009. 3 Exacerbating the social implications is that the cost of the procedure increased by 45.3% over the same time span. 3 Unfortunately, this cost increase did not equivalently translate to improved survival statistics. 4 Survival rates are presently at 50% for nonsevere cases, and even lower for patients with atrial fibrillation or complete heart block. 4 Finding alternative treatments that are both affordable and maintain desirable longevity are challenging. Yet, hope remains as newly emerging technology in the field of tissue engineering continues to develop. By definition, tissue engineering is the development of biologic constructs, composed of cells and a scaffold, capable of mimicking the function of natural tissues. By using bioreactors, stimuli of various forms can be used to tune and enhance the functionality of the constructs, as well as encourage the maturation of cells. In particular, electrical stimulation (ES) bioreactors have been implemented in the hopes of improving tissueengineered cardiac constructs for various heart failure treatments.
Recently, our lab developed fibrin gel-based artificial heart muscle (AHM) capable of contracting on average at a twitch force of ~4 mN/mm 2 . These results mimic ~10% of the contractile force generated by isolated cardiac segments. 5, 6 It is important to note that our developed constructs spontaneously contract, yet not at consistently rhythmic rates. We identify this as a notable sign of immaturity 7 and the presence of competing pacemaker cells. Thus, we have implemented ES bioreactors to promote rhythmic contraction. Our goal is to also enhance and retain function during culture, which typically degrades over time. As stated in previous publications, ES conditioning at low contractile rates may reduce the metabolic activity of the myocytes and improve the longevity of the constructs in culture. 8 The results of this and subsequent work may provide optimization strategies to produce either passive or active functional cardiac patches for mechanical or electrophysiologic repair of a damaged heart. In particular, this work focuses on controlling and correcting the spontaneous arrhythmic contractions of our AHM and delves into the genetic implications of ES.
Materials and Methods

Isolation of Cardiac Cells
All materials were purchased from Sigma (St. Louis, MO) unless otherwise specified. Cardiac cells were isolated from 2-to 3-day-old neonatal Sprague-Dawley rat hearts using an established digestion method. 9 This isolation protocol obtains a mixture of cardiomyocyte, fibroblast, smooth muscle, endothelial, and cardiac stem cells, which are in similar proportion to the natural heart composition. Cells from all the digests were pooled, centrifuged, and then suspended in culture medium consisting of M199, 20% F12k, 10% fetal bovine serum, 5% horse serum, 1% antibiotic-antimycotic, 40 ng/ml of hydrocortisone, and 100 ng/ml of insulin.
Fabrication of Artificial Heart Muscle
Artificial heart muscle was fabricated using a modified protocol from our lab. 5 Two AHM sizes were fabricated, depending on their use for contractile measurements or gene analysis. A mini-AHM for gene analysis was fabricated as a more economic and high-throughput alternative, while still maintaining similar functionality and physiology to the normal AHM. For the AHM fabricated for contractile properties analysis, fibrin gel was formed by polymerizing 10 units of thrombin in 1 ml of culture medium with 10 units of fibrinogen in 500 µl of saline in 35 mm diameter culture dishes. For the mini-AHM fabricated for gene expression analysis, fibrin gel was formed by polymerizing 2.5 units of thrombin in 250 µl of culture medium with 2.5 units of fibrinogen in 125 µl of saline for each of the 16 mm diameter wells of the ES bioreactor. Isolated cardiac cells were diluted in culture media at a density of 4 × 10 6 and 1 × 10 6 cells for regular and mini-AHMs, respectively. For the AHM, minuten pins were placed at the 4 corners of a 2 × 2 cm square template centered to a 35 cm culture dish. For the mini-AHM, no minute pins were used and the mini-AHM was allowed to delaminate to the penetrating electrodes. The constructs were cultured in an incubator at 37°C and 5% CO 2 with culture medium changes every 2 days.
Electrical Stimulation of AHM
Electrical stimulation was applied to AHMs through a custom-built bioreactor capable of delivering stimulus to multiple AHMs simultaneously, as shown in Figure 1 . Three AHMs are stimulated from a single channel output from a DAQ through 316 grade stainless steel electrodes spaced 5 mm apart in each dish. The circuit contains trichromatic LEDs to indicate delivery of stimulus to each well, with color, green for cathodic and blue for anodic wave (red color unused), dictated by the direction of current allowed through the diodes. A 1 kΩ resistor and a 10 µF capacitor for each channel are added to further control the current and balance the charge delivered to the AHM.
For the mini-AHM (Figure 1B) , the stainless steel electrodes pierced through from the bottom of the 16 mm well and emerged in the medium. Preliminary studies showed that direct contact of the electrodes had a more profound effect on gene expression and contractile function. However, regular AHMs ( Figure 1A ) for contractile measurements were not pierced with the electrodes to prevent structural damage during prolonged culture and transport from ES bioreactor to the twitch force and biopotential measurement systems. As such, the electrodes were placed adjacent to an edge of the regular AHM during culture, and the entire ES system was removed for physiologic measurements.
Both AHM groups were stimulated with a biphasic square waveform. The output, illustrated in Figure 1C , was measured by an oscilloscope directly attached to the electrodes. In LABvIEW, two monophasic square waveforms of opposite polarity at ±2.5 v, 3 Hz, and 20% duty cycle were generated at an 80° phase shift and combined to form the biphasic wave. At the electrode spacing of 5 mm, the electric field strength would Figure 1 . Bioreactor and waveform. Electrical stimulation bioreactor coated with PDMS and consisting of two or four separate channels for AHM and mini-AHM samples, respectively. Each channel output from the DAQ stimulates samples in three wells through 316 grade stainless steel electrodes. The circuit contains trichromatic LEDs to indicate delivery of stimulus to each well, with color, green for cathodic and blue for anodic wave, dictated by the direction of current allowed through the diodes. A 1 kΩ resistor and a 10 µF capacitor for each channel are added to further control the current and balance the charge delivered to the AHM. A: Two models of the electrical stimulation bioreactor for AHM used in physiology tests. B: Mini-AHM bioreactor for gene expression tests. C: The LABVIEW output options result in the illustrated biphasic square waveform measured with an oscilloscope at the electrodes while submerged in culture media. With a culture media resistance of ~3 kΩ, the transient current through the AHM is ~40 µA. AHM, artificial heart muscle; ES, electrical stimulation. thus be 5 v/cm. The reason for using a 3 Hz waveform, higher than the conventional 1 Hz, is to elevate cardiac function of the AHM closer to the native rat heart of ~300 bpm, without exhausting the cardiac myocytes in an oxygen-poor culture environment. Spontaneous contractions of our AHM, which are arrhythmic throughout culture, can range from less than 1 Hz to 6 Hz during contraction periods. The 80° phase shift induces an interphase delay between the anodic and cathodic waves, which improves threshold for stimulation and reduces the accumulation of deleterious Faradic reaction products. 10 The generated electrical stimulus translates to a charge-balanced biphasic wave with an interphase delay of ~10 ms. The stimulus was intermittently delivered to the AHM in 30 minute intervals, separated by 30 minute rests, to encourage retention of spontaneous contractions. Preliminary studies showed that continuous stimulation inhibited spontaneous contractions in the majority of ES AHM. A 30 minute rest time is also a means of further reducing the production of Faradic reaction products and electrode corrosion. Electrical stimulation was initiated at day 2 of culture and continued until 12 days of culture for regular AHMs and 10 days for mini-AHMs.
Contractile Properties Measurements
Starting on day 4 of culture, 2 days after the initiation of ES, spontaneous twitch force was measured every 2 days. These measurements were performed with a high sensitivity isometric force transducer (MLT0202, ADinstruments, Colorado Springs, CO) connected to a quad bridge amplifier (FE224, ADinstruments). By day 4 of culture, the AHM has delaminated and compacted into a 2 × 2 cm square patch. The contractile force was measured by attaching the force transducer arm through a steel claw to one free-corner of the square patch, while the other three ends were held fixed. Spontaneous contractions were recorded for 30-60 seconds on both control and electrically stimulated AHMs. LabChart 8 (ADInstruments) was used for data analysis with the Peak Analysis module using the General-Unstimulated analysis setting and a minimum peak height of 1.5 standard deviations, to calculate a mean twitch force for each sample. For each AHM, twitch force measurements from days 6 through 12 were normalized to day 4, to observe individual twitch force changes over time and reduce the effect of inter-and intragroup variations. Spontaneous contractile rate, which was measured in quasi-real-time on a separate channel, was averaged for the time block per sample.
Electrical stimulation response properties for both ES and control AHMs were measured by electrically stimulating using a 3 v, 1 Hz, 10 ms pulse width, monophasic square waveform. The latency value of the evoked response contraction, the contraction following an electrical stimulus, was measured using LabChart Peak Analysis module using the Evoked Response analysis setting. In the absence of a response contraction, no latency value was tabulated for the particular impulse into the mean latency value calculation for the sample. A representative plot of twitch forces for ES and control AHMs is depicted in Figure 2 , where the pulse train of the 1 Hz stimulation is marked in conjunction with the measured contractile twitch force.
Cardiac Biopotential Measurements
Assessment of cardiomyocyte cell-to-cell interactions was performed by measurement of cardiac biopotential. Control and electrically stimulated AHMs that were cultured for 12 days, and measured for twitch force, contractile rate, and latency throughout, were then measured for biopotentials as an end-point measure. Biopotential measurements were carried out using a 32-electrode, gold-plated, 4 × 8 array, biopotential sensor developed by our lab. 11 The raw data were scanned using a custom MATLAB script for segments of a periodic waveform in the majority of the channels, signifying a consistent depolarization wave throughout an AHM. Selected data were then analyzed using cross correlation to determine the lag and calculate the conduction velocities throughout an AHM.
Gene Expression
Mini-AHMs were collected on day 4, 6, 8, and 10 of culture in triplicates for control and ES AHMs. Collected samples were placed in TriPure and manually agitated to encourage cell lysis and RNA extraction and then immediately frozen at −80°C until RNA isolation. The samples were thawed and the remaining fibrin gel was removed. By chloroform extraction and ethanol Figure 2 . Representative twitch force plots. Twitch force was measured using an isometric force transducer attached two one of four AHM corners, while keeping the other three fixed (A). Twitch force plots exported from PowerLab system as a representation of the typical responses from control and electrically stimulated AHMs (B). Control AHMs typically have a more delayed response to the 1 Hz electrical stimulation applied during electrical response tests. Latency is calculated as the time between the electrical stimulation pulse and the next corresponding twitch force peak on a superimposed plot. AHM, artificial heart muscle.
precipitation, RNA was isolated. Reverse transcription was performed using vILO master mix (Thermo Scientific, Waltham, MA). Quantitative polymerized chain reaction was run using SYBR master mix with CAv3.1, CACNAC1c, SERCA2, CX45, SCN7a, NAv1.5, TNNT2, and JPH primers with GAPDH as housekeeping gene. Results for days 4 through 10 from both control and ES AHM groups were normalized to a baseline value measured for AHMs at day 2, before the initiation of ES.
Histologic Assessment
Artificial heart muscles at day 12 were fixed in ice-cold acetone for 20 minutes. The fixed AHM was cropped down to a 10 × 10 mm square section of the center region. Nonspecific epitope antigens were blocked with 10% goat serum for 1 hour at room temperature (RT). Sections were incubated for 2 hours at RT with specific mouse anti-α-actinin monoclonal antibody (Sigma, Catalog No A7811) 1:500 and rabbit anti-connexin 43 (Cx43) (Abcam, ab11370) 1:500. Subsequently, sections were treated with goat anti-mouse and goat anti-rabbit secondary antibodies (Alexa Fluor 488, Alexa Fluor 546, Life Technologies, Grand Island, NY) 1:1000 for 1 hour at RT. Nuclei were counterstained with 4,6-diamidino-2-phenylindole (DAPI) (2.5 μg/ml) for 5 minutes at RT. Fluorescent multilayer, z-stack, images were obtained with a Nikon C2+ confocal laser-scanning microscope (Nikon Instruments Inc., Melville, NY) over a 635 µm 2 field of view and 10 µm in depth. Signal volume ratios were calculated from signal volume measurements taken using Nikon C software and the z-stacks on a fixed threshold, relative to the total volume of the measured signals and the total volume of the field of view.
Results
Contractile Properties and Electrical Response
Consistent twitch force output and rhythmic contraction are the staple of an optimized AHM. The effect of ES on AHM twitch force was observable in direct functional improvement. As shown in Figure 3 , on the sixth day of culture, 4 days after the initiation of ES, electrically stimulated AHMs had a significantly greater twitch force increase than unstimulated control AHMs (<2-fold difference). This difference grew throughout culture up to day 10, where it was 3.3-fold greater for electrically stimulated AHMs. A reduction of this improvement occurred at day 12, yet electrically stimulated AHMs were still higher compared to control AHMs. In general, ES did not have a significant impact on the maximum twitch force an AHM is capable of generating. The average spontaneous twitch force throughout culture was 4.28 ± 2.12 µN/mm 3 (n = 10) for control and 4.49 ± 1.64 µN/mm 3 (n = 18) for electrically stimulated AHMs.
The electrically stimulated AHM was paced at a rate approximately half of a healthy resting rat's heart rate, ~360 bpm. 12 This enabled us to more clearly determine whether electrically stimulated AHM adapts to a pacing frequency during culture compared to the unstimulated control. The effect of ES on AHM contraction rate is even more profound. Electrically stimulated AHMs contracted at rates that more closely hovered around the ES rate of 3 Hz, and with lower intragroup variation. The mean contraction rate was 291.7 ± 142.1 bpm (n = 10) and 173.0 ± 63.2 bpm (n = 18) throughout culture for control and electrically stimulated AHMs, respectively. This indicates adaptation of the electrically stimulated AHM to the 3 Hz pacing frequency.
The electrically stimulated AHM also had a significantly faster and more consistent response to a 1 Hz pacing frequency during twitch force measurements. When stimulating the samples at 1 Hz, the latency was 164.0 ± 38.2 ms (n = 10) and 100.1 ± 5.4 ms (n = 18) for control and electrically stimulated AHMs, respectively ( Figure 4D) . Lower latency values imply improved cell junction coupling and conductivity of the AHM.
Cardiac Biopotential
To further evaluate conductivity and efficacy of ES on improving electrophysiology of the AHM, we calculated the conduction velocity using a custom 32-electrode biopotential measurement system (Figure 4A-C) . By averaging the conduction velocity throughout the AHM, an assessment of the electrophysiologic state of the AHM was made. The conduction velocities on average were 154 ± 102 cm/s (n = 10) and 424 ± 138 cm/s (n = 18) for control and electrically stimulated AHMs, respectively ( Figure 4E) . The faster conduction velocities for electrically stimulated AHMs correlates to the lower latency values obtained for the contractile response above. Both of these values signify more mature and well-developed electrophysiologic state for electrically stimulated AHMs. . Twitch force and contraction rate. Spontaneous contractile output normalized to day 4 maintained a significantly higher increase for ES AHM on days 6, 8, and 10 (*P < 0.05). Spontaneous contractile rate hovered around the 3 Hz stimulation rate (180 bpm) for the ES AHM throughout culture, while control AHM maintained elevated rates closer to that of the natural rat heart. Number of samples used were n = 18 for ES AHM and n = 10 for control AHM. AHM, artificial heart muscle; ES, electrical stimulation.
Gene Expression
Relative gene expression, illustrated in Figure 5 , showed a peak in the range of day 6 or 8 post-cell plating for the majority of the chosen genes, 4 and 6 days after initiating ES. Further on, expression showed a reduction close to initial baseline values or slightly lower. The most dramatic change during the day 8 peak occurred for NAv1.5 and SCN7a, two voltage-gated sodium channels. The lowest effect was observed in levels of TNNT2, with a slight increase on day 6 and then a decrease to half of baseline levels by day 8. The only gene that immediately exhibited diminishing expression was CAv3.1, a T type low-voltage-activated calcium channel.
Histologic Assessment
Qualitatively, ES AHM segments fixed at day 12 and stained with connexin45 (cx45) and α-actinin showed higher fluorescence levels overall and improved sarcomere alignment and organization (Figure 6 , see Figure S1 , Supplemental Digital Content, http://links.lww.com/ASAIO/A120). Quantifying this representation using relative signal volume indexes, as a ratio of the total measured signal from all fluorescence, showed higher expression of the key cardiac markers for ES AHMs as compared to the unstimulated control AHMs. Measuring these ratios as the total volume of the observed field of view also indirectly showed increased cell presence, as evident by the higher DAPI volume index. 
Discussion
Previously, ES of pure myocyte cultures on monolayer and in constructs has been shown to have a direct impact on function and physiology. Our results showed that ES of AHM, which is composed of a mixed cardiac cell culture, resulted in significant improvement of normalized twitch force according to the parameters outlined in this study. This improvement started within 2 days of initiating the stimulus, and maintained for at most 6 days (Figure 3) . Individually, however, unstimulated control AHMs were capable of spontaneous contractions that exceed the twitch forces of electrically stimulated AHMs, particularly early on in culture. This is expected because ES may not induce myocyte proliferation but may activate more myocytes to contract in unison more regularly. A more rhythmic and synchronous contractile AHM may induce positive genetic implications that result in a more optimized heart construct for tissue engineering research.
Electrical stimulation of mixed cardiac cell cultures may also facilitate adaptation to a prescribed external pulse rate and improve conduction velocity. These electrophysiology characteristics are vital for the maturation of the AHM and for its potential as an in vivo support or repair construct for dysfunctional heart segments. The adaptation to the 3 Hz ES rate is evidenced by the improved consistency in measured contraction rate to 180 bpm of the electrically stimulated AHM over the control AHM. A one-way analysis of variance comparing the results of control and electrically stimulated AHMs showed a p value of 0.5351 for twitch force and 0.1261 for contraction rate. Although neither values showed a significant difference between the ES and control groups, the lower p value for contraction rate indicated that ES may have had more of an effect on contraction rate than on twitch force during the relatively short application period. A longer time frame may be necessary to achieve a significant difference in contraction rates and perhaps even twitch forces. 13 Improved conduction for electrically stimulated AHMs was proven by two means in our study. First, we measured the mean latency in the time required by the AHM to exhibit an evoked response to an external stimulus. The latency values were significantly lower for the electrically stimulated AHM, which was 100.1 ± 5.4 ms compared to the control at 164.0 ± 38.2 ms throughout culture (p = 0.003). The difference in latency values arose from the speed of the depolarization wave initiated by the electrodes and propagation across the AHM. This propagation speed seemed to be hindered for the control group. Second, the results from latency values were reinforced by direct measures of conduction velocity at different points on the AHM using our custom 32-electrode biopotential system. Electrically stimulated AHMs had nearly three times higher mean conduction velocity than control AHM, at ~4 m/s (Figure 4) . This is an interesting result because natural conduction velocities within the whole heart range from 3-5 m/s in Purkinje fibers to 0.5-1 m/s in working ventricular myocytes.
14 Electrical stimulation, as such, may have improved the development of a Purkinje fiber-like system within the AHM, which resulted in the measured higher conduction velocity and lower latency.
To further understand the mechanism of AHM response to external ES, we began by selecting gene targets that regulate electrophysiologic components, that is, membrane or sarcoplasmic ion channels and cell-cell interaction regulators. A striking phenomenon in our constructs was that the majority of the significant gene changes occurred at 4 or 6 days after the initiation of ES, as shown in Figure 5 . The genes that showed the most significant elevations at that time were Nav1.5 and SCN7a, which both code for voltage-gated sodium channels. There was a strong correlation between elevated expression levels of signal transduction pathways and voltage-gated ion channels and ES, and our results supported those findings. 15 The upregulation of CX45, a cardiac-specific gap junction protein, was also significantly evident on day 6, and the histologic assessment reinforces the translation of the CX45 sequences into functional protein.
The drop in expression levels for the majority of the genes at day 10 may be a result of fibroblast overgrowth. Because fibroblast proliferation is not controlled in our protocol and myocyte proliferation is limited to a single division, if any, the effect on gene expression may be diluted by fibroblast RNA. The chosen genes should not be actively expressed in fibroblasts and, likewise, may not be upregulated by ES. The drop in expression levels may also correlate to the drop in twitch force for both control and ES AHMs at day 12. Further evaluation of these findings by implementing strategies for controlling fibroblast growth may shed light on this mystery. Figure 6 . Histologic assessment. Qualitative representation of the immunostained ES and control AHM depicts increased expression of key cardiac markers connexin45 (CX45, green) and α-actinin (red). The signal volume ratios show higher relative volume ratios of these key cardiac markers for ES AHM, and higher expression over the total volume of the observed field of view. AHM, artificial heart muscle; ES, electrical stimulation.
To provide insight into the effects of ES on the expression of genes coding for structural and contractile proteins, we selected TNNT2, a marker for troponin T type 2. The results showed a twofold increase in expression at day 6. We hypothesized that coupling electrical and mechanical stimulation, by applying an oscillating load, may more directly enhance the expression of TNNT2, as well as other structural and contractile proteins. This was evident in the histologic assessment of the α-actinin marker, which shows the resulting improved sarcomere organization and alignment relative to control AHMs (Figure 6) . The higher α-actinin signal volume index ratio for ES AHMs reinforced this qualitative evaluation.
Recently published work by Hirt et al. 13 applied an ES protocol of 2 v-4 ms biphasic square pulses, having 2 ms in each polarity with no interphase delay, on rat and human heart muscle constructs. This protocol was applied for a maximum pacing duration of 32 days. Twitch forces for human heart muscle constructs stimulated at 1.5 Hz surpassed unstimulated control AHMs after 4-5 days, and after 10 days reached ~50% higher forces to ~0.08 mN. Rat constructs reached their maximum twitch force after 3 weeks, which was double the amplitude of unstimulated control AHMs. Gene analysis identified a single rise in expression of potassium voltage-gated channel subfamily J member 8 (KCNJ8), 16 a membrane potential-stabilizing potassium current protein, along with an increase in markers for inflammatory response. Another study, from Blinova et al., 17 showed that applying an electrical field stimulus of four separate 5 ms biphasic square waves with a 30 ms interphase delay during the refractory period increases intracellular calcium concentration by ~30% and length shortening by ~35% for isolated single cell measurements. Left ventricular pressure in whole rat hearts was also observed to increase by ~60%, which was negated in the presence of a β1-adrenoreceptor antagonist.
Previous studies have shown that ES may increase contractile protein content and improve alignment, but the mechanism by which this occurs is unclear. Electrical stimulation may directly modulate gene expression, or it may operate indirectly via a mechanotransduction cascade activated by increased contraction. 8, 18 What is clear is that ventricular myocytes that do not spontaneously contract, either inherently or by neighboring pacing cells, may now add to the functionality of a cardiac construct. An active myocyte maintains its phenotype longer in culture, whereas an unstimulated myocyte has the tendency to undergo a dedifferentiation process in vitro. 19 These studies, along with others, 18, 20 demonstrated improvement in heart tissue function by increased contractile function, histologic assessments, and a few key gene upregulations. Yet, more evaluation of the electrophysiologic impact of ES on engineered heart tissue must still be performed to validate its use as a reparative treatment for heart failure.
Conclusion
Electrical stimulation has been shown to improve function of tissue-engineered cardiac constructs, which our results along with others reinforce, but little has been done to understand the mechanisms underlining this effect. We have performed an initial report on the physiologic and gene expression modifications that occur for AHM electrically stimulated with a biphasic waveform. Electrical stimulation has significantly improved twitch forces, conduction velocities, and latency values and upregulated key cardiac markers that improve both the structural and electrophysiologic functionality of the cardiac constructs. Further evaluation of the pathways involved, whether by direct electrical induction or an indirect mechanotransduction cascade, may provide valuable insight into the development and optimization of AHM for mechanical and electrophysiologic support of failing hearts.
